Neovascularization in response to tissue injury consists of the dual invasion of blood (hemangiogenesis) and lymphatic (lymphangiogenesis) vessels. We reported recently that 21-nt or longer small interfering RNAs (siRNAs) can suppress hemangiogenesis in mouse models of choroidal neovascularization and dermal wound healing independently of RNA interference by directly activating Toll-like receptor 3 (TLR3), a double-stranded RNA immune receptor, on the cell surface of blood endothelial cells. Here, we show that a 21-nt nontargeted siRNA suppresses both hemangiogenesis and lymphangiogenesis in mouse models of neovascularization induced by corneal sutures or hindlimb ischemia as efficiently as a 21-nt siRNA targeting vascular endothelial growth factor-A. In contrast, a 7-nt nontargeted siRNA, which is too short to activate TLR3, does not block hemangiogenesis or lymphangiogenesis in these models. Exposure to 21-nt siRNA, which we demonstrate is not internalized unless cell-permeating moieties are used, triggers phosphorylation of cell surface TLR3 on lymphatic endothelial cells and induces apoptosis. These findings introduce TLR3 activation as a method of jointly suppressing blood and lymphatic neovascularization and simultaneously raise new concerns about the undesirable effects of siRNAs on both circulatory systems.
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angiogenesis ͉ innate immunity ͉ lymphangiogenesis ͉ ischemia ͉ wound healing B lood and lymphatic vessels both participate in the wound healing response, restoration of circulation, and systemic immune surveillance and activation. Pathological responses of these parallel circulatory systems can lead to diseases as varied as age-related macular degeneration, atherosclerosis, cancer, lymphedema, and rheumatoid arthritis (1) . Collectively, exuberant or inadequate responses of angiogenesis are estimated to affect nearly 2 billion people (2, 3) . The prevalence of such diseases has led to the development of myriad antiangiogenic strategies, such as antibodies, soluble receptors, and receptor antagonists, targeting the various growth factors and cytokines that are involved in aberrant neovascularization.
Among the various proposed strategies, small interfering RNAs (siRNAs) have attracted much attention as a new therapeutic platform for achieving target-specific gene silencing via double-stranded RNA (dsRNA)-mediated RNA interference (RNAi). However, the combined challenges of intracellular delivery and unintended ''off-target'' effects remain formidable (4) . The polyanionic nature and molecular size of siRNA are impediments to their entry into mammalian cells (5) (6) (7) . In addition, siRNAs have both sequence-specific (8 -10) and sequence-independent (11-13) off-target effects, some of which are better understood than others.
We reported recently the surprising finding that 21-nt or longer siRNAs suppress hemangiogenesis in mouse models of choroidal and dermal neovascularization not via RNAi but by activating cell surface Toll-like receptor 3 (TLR3) on blood endothelial cells (BECs) in a sequence-and target-independent manner (12) . TLRs comprise a family of innate immune receptors that recognize various pathogen-associated molecular patterns. TLR3 is a sensor of dsRNA (14) , such as those found in viral genomes or replication intermediates, that undergoes dimerization (15) (16) (17) (18) and phosphorylation (19) to initiate a signaling cascade that can ultimately result in apoptotic cell death (20) (21) (22) (23) . In this study, we sought to further explore this newly defined intersection between angiogenesis and innate immunity. We determined whether the generic antihemangiogenic effects of siRNAs extended to other well-established and clinically relevant mouse models of neovascularization in response to corneal suture injury or hindlimb ischemia, and whether siRNA-mediated TLR3 activation also suppressed lymphangiogenesis. We used a 21-nt siRNA targeting mouse vascular endothelial growth factor-A (21nt-siRNA-mVegfa), a potent angiogenic growth factor (24); a 21-nt siRNA targeting the nonmammalian gene firefly luciferase (21nt-siRNA-Luc); and a 7-nt siRNA targeting Luc, which we have shown does not activate TLR3 (12) . Because 21-nt siRNAs in phase 2/3 clinical trials in patients with ocular diseases are unformulated, we also studied whether unformulated 21-nt siRNA is internalized by lymphatic endothelial cells (LECs) and activates TLR3.
Results

21-Nucleotide siRNAs Suppress
Corneal Neovascularization Regardless of Target. Corneal suture injury induced a robust neovascular response that was evident at 14 days after injury (Fig. 1A) . The densities of CD31 ϩ LYVE-1 Ϫ blood vessels and CD31 ϩ LYVE-1 ϩ lymphatic vessels were quantified by morphometric analysis of immunolabeled flat mounts (Fig. 1B) . A single intracorneal injection of 21nt-siRNA-mVegfa at the time of suture placement dramatically suppressed both hemangiogenesis (70% Ϯ 4%) and lymphangiogenesis (69% Ϯ 2%) compared with vehicle injection (Fig. 1 B and C) . Surprisingly, 21nt-siRNA-Luc suppressed hemangiogenesis (77% Ϯ 13%) and lymphangiogenesis (65% Ϯ 6%) as effectively as 21nt-siRNAmVegfa (Fig. 1) . In contrast, 7-nt siRNA-Luc, which does not activate TLR3, did not suppress either blood (96% Ϯ 9% of vehicle treatment) or lymphatic (124% Ϯ 16% of vehicle treatment) vessel growth into the cornea ( Fig. 1 B and C) . These data demonstrate a sequence-independent ability of siRNA to suppress corneal neovascularization that correlates with its ability to activate TLR3.
Hindlimb Neovascularization Regardless of Target. Hindlimb ischemia was induced by femoral artery ligation, and siRNAs were administered intramuscularly at the time of surgery and 2 days thereafter. Color laser doppler imaging 2 days after ligation revealed significant reduction in blood flow in the injured limbs of all experimental groups. However, by day 7, only the vehicle control and 7-nt siRNALuc-injected limbs exhibited vascular rescue that was comparable to the contralateral untreated, nonischemic limb ( Fig. 2A) . Limbs injected with 21nt-siRNA-Luc or 21nt-siRNA-mVegfa exhibited suppressed revascularization and diminished perfusion. There was a corresponding reduction in CD31 ϩ capillary density in the 21nt-siRNA-Luc-treated and 21nt-siRNAmVegfa-treated limbs compared with the vehicle-treated or 7-nt siRNA-Luc-treated groups (Fig. 2B) . Quantification of hindlimb muscle blood and lymphatic vessels with CD31/LYVE-1 immunohistochemistry, represented as ischemic to nonischemic ratio, demonstrated a 29-33% reduction in hemangiogenesis and a 43-46% reduction in lymphangiogenesis with intramuscular injection of 21-nt siRNA independently of sequence or target (Fig. 2C) . In contrast, 7-nt siRNA-Luc did not suppress either hemangiogenesis (99% Ϯ 6% of vehicle treatment) or lymphangiogenesis (99% Ϯ 6% of vehicle treatment).
21-Nucleotide siRNA Is Not
Internalized by LECs. We demonstrated previously that naked, unmodified siRNA does not enter mouse or human BECs (12) . Several other reports also have stressed the hurdles of cellular delivery of unmodified siRNA in vivo, given that in its naked form it does not enter mammalian cells because of its size and polyanionic structure (5-7, 25, 26) . To determine whether LECs internalize naked 21-nt siRNA, we treated mouse LEC (mLEC) cultures with fluorescein-tagged siRNA-Luc that was either unmodified (Fl-siRNA-Luc) or conjugated to cholesterol (Fl-siRNA-Luc-chol), a previously described cellpermeating modification (25, 27) . By using time-lapse confocal microscopy, we visualized the internalization of Fl-siRNA-Lucchol at 20-30 min after exposure, but at no time point did we observe the cellular uptake of unmodified, naked Fl-siRNA-Luc (Fig. 3 ). These data imply that 21-nt siRNA executes its antilymphangiogenic activity without entering LECs.
TLR3 Is Expressed on BECs and LECs. We performed immunofluorescence studies in vascularized mouse corneas and hindlimb muscles to determine whether TLR3 is expressed on LECs and BECs. LYVE-1 ϩ lymphatic vessels in both the cornea and muscle were strongly immunoreactive for TLR3 (Fig. 4 A and B) , providing in vivo confirmation of the recent finding that LECs in culture express TLR3 (28) . Blood vessels in vascularized corneas and hindlimb muscle also were immunolabeled by anti-TLR3 antibodies (Fig. S1 ). We found by using flow cytom- etry that TLR3 expression was significantly more abundant on the cell surface of mLECs and human dermal LECs (HdLECs) than in the intracellular compartment (Fig. 4C) , suggesting that LEC-expressed TLR3 is able to interact with 21-nt siRNA in vivo.
21-Nucleotide siRNA Induces TLR3 Phosphorylation and Apoptosis. To assess whether 21-nt siRNA activated TLR3 directly, we performed Western blotting using a phospho-specific anti-TLR3
antibody. Exposure to 21nt-siRNA-Luc triggered TLR3 phosphorylation in mLEC and HdLEC cultures within 5 min after stimulation (Fig. 4D ). This rapid time course of receptor phosphorylation is consistent with cell surface receptor activation, especially because we have shown that 21-nt siRNA is not internalized by these cells. Moreover, long dsRNAs, such as poly(I:C), which is internalized via scavenger receptors (7, 29) , effect much slower kinetics (Ϸ15-60 min) of phosphorylation (19, 30) . The baseline levels of TLR3 phosphorylation may be due to the presence of dsRNA from cell culture senescence or low levels of constitutive TLR3 dimerization. We also found at 24 h after exposure to 21nt-siRNA-Luc a 64% Ϯ 16% (n ϭ 3 per group; P Ͻ 0.05 by Mann-Whitney U test) increase in apoptosis in HdLECs, as monitored by flow cytometric detection of annexin-V ϩ /PI Ϫ cells, compared with 7-nt siRNA-Luc, which does not activate TLR3. The 21nt-siRNA-Luc treatment after corneal suture injury led to marked increases in the protein levels of CXCL10 and IL-12, proapoptotic molecules known to be induced by TLR3 activation (Fig. S2) .
Discussion
The results presented here establish 21-nt siRNAs as sequenceand target-independent inhibitors of both blood and lymphatic vessels in multiple systems. Coupled with our earlier demonstration that 21-nt siRNAs inhibit hemangiogenesis in mouse models of choroidal and dermal neovascularization, as well the widespread expression of TLR3 on both vascular endothelial cells from various tissue beds (12, 28, 31, 32) , it is likely that these RNA duplexes are generic inhibitors of both components of neovascularization. Such target-independent antiangiogenic activities can be serendipitous, as in the case of corneal neovascularization, which is responsible for blindness in nearly 10 million people (33) and promotes rejection of corneal allografts, the most commonly transplanted solid tissue. Conversely, 21-nt siRNAs may induce undesirable effects in the context of ischemic vascular disease or physiological cyclic angiogenesis. These concerns are particularly salient, given ongoing clinical trials of systemically delivered siRNAs. expressed as a ratio of ischemic to nonischemic hindlimb, shows that 21nt-siRNA-Luc or 21nt-siRNA-mVegfa reduced both hemangiogenesis ( * , P ϭ 0.016, Mann-Whitney U test) and lymphangiogenesis ( * , P ϭ 0.008) compared with vehicle treatment. n ϭ 5 mice per group. There was no difference in angiogenesis between 7-nt siRNA-Luc and vehicle control groups. Fig. 3 . The 21-nt siRNA requires a cell-permeating entity for internalization by LECs. mLEC cultures were exposed to fluorescein-conjugated 21nt-siRNALuc (Fl-siLuc), followed by time-lapse confocal microscopy (left column, Nomarski; right column, green channel). When Fl-siLuc was conjugated with cholesterol (Fl-siLuc Chol), a cell-permeant entity, there was robust internalization by mLECs. Images representative of 3 independent experiments are shown.
Although it is well accepted that long dsRNAs, such as poly(I:C) or those of viral origin, bind TLR3 (14) , the precise minimum length of dsRNA required to interact with and activate TLR3 has been the focus of intense investigation. More than 30 years ago, it was postulated that 20 nt of an RNA duplex comprises the minimum binding region to an unknown dsRNA receptor that drives IFN production (34) . Gel filtration studies (35) and cell culture experiments (36) have shown that 21-nt dsRNAs can bind and initiate TLR3 signaling, respectively. We showed previously by using flow cytometry that binding of 21-nt siRNAs to mouse retinal and choroidal cells is eliminated by deletion of Tlr3 or competition with soluble TLR3 or poly(I:C) (12) . We also showed that human choroidal BECs expressing a hypomorphic variant of TLR3 are resistant to the cytotoxic effects of 21-nt siRNAs. Further, we showed that the antihemangiogenic effects of multiple 21-nt siRNAs in mice are abolished by deletion of Tlr3 or several of its downstream mediators, or by cell surface receptor-neutralizing antibodies. In addition, our molecular modeling studies revealed a topological basis for the interaction of 21-nt siRNAs with the active TLR3 dimer. In contrast, some structural studies have reported that efficient binding of dsRNA to TLR3 requires a minimum of 40-50 nt (16, 37) . The recent identification of a second binding site for dsRNA in TLR3 confirms the ability of 21-nt siRNA to bind this immune receptor (38) and helps to resolve some of the conflicting biological and structural data. Our data that 21-nt siRNA phosphorylates TLR3 demonstrate that dsRNAs of this minimum length directly activate this immune sensor.
The inability of 21-nt siRNAs to enter mammalian cells without cell-permeating moieties has been well documented (5-7, 12, 25, 26) . Here, we showed by using time-lapse imaging that 21-nt siRNAs are not internalized by LECs and yet can induce rapid TLR3 phosphorylation, demonstrating that such short RNA duplexes have extracellular biological activity. We also showed that cholesterol conjugation enables 21-nt siRNAs to penetrate LECs, confirming earlier reports (25, 27 ) and extending our earlier findings that such modified siRNAs enter BECs (12) . Although these data further affirm the viability of this cell permeation approach for potentially enabling bona fide intracellular RNAi, it should be noted that we have demonstrated that cholesterol-conjugated siRNA cannot only execute RNAi but also activate intracellular TLR3 (12) . Collectively, our findings reveal a new facet of the unintended effects of siRNA that could be carefully harnessed for therapeutic advantage in angiogenesis-driven diseases that affect 30% of the world's population and that should be vigilantly monitored in ongoing clinical trials of these drugs in nonangiogenic diseases.
Materials and Methods
Animals and Reagents. Balb/C and C57BL/6J mice were purchased from The Jackson Laboratory. For all procedures, anesthesia was achieved by i.p. injection of 50 mg/kg ketamine hydrochloride (Fort Dodge Animal Health, Wyeth) and 10 mg/kg xylazine (Phoenix Scientific). Experiments were approved by the University of Kentucky Institutional Animal Care and Use Committee board, IGB veterinarian, and conformed to European Directives no. 86/609, Italian D.L. 116 (January 27, 1992), and the Association for Research in Vision and Ophthalmology Statement on Animal Research. Nontargeted siRNAs were 21nt-siRNA-Luc (firefly luciferase) or 7-nt siRNA-Luc. Targeted 21nt-siRNAmVegfa or vehicle buffer (PBS) was used for comparison. These sequences (5Ј33Ј) of the sense strand of the siRNAs (Dharmacon) are as follows: 21nt-siRNA-mVegfa: CGAUGAAGCCCUGGAGUGCdTdT; 21nt-siRNA-Luc: UAAGGCUAUGAAGAGAUACdTdT; 7-nt siRNA-Luc: UAAGGdTdT.
Suture-Induced Corneal Neovascularization. siRNA (300 pmol) or vehicle buffer (PBS) was injected (33-gauge needle; Ito) at the center of the cornea at varying angles (4 injections of 2 L each into 4 quadrants) into the corneal stroma. Delivery to the entire cornea was ascertained by verifying the spread of temporary stromal swelling throughout the entire cornea. Two interrupted 11-0 nylon sutures (Mani) were placed in Balb/C mice midway between the central corneal apex and the limbus (Ϸ1.25 mm from the limbus). Fourteen days after suture, corneas were excised, and lymphatic and blood vessel growth was evaluated.
Corneal Flat Mounts. After euthanasia, the corneas were isolated, washed in PBS, and fixed in acetone for 20 min at RT. They then were washed in 0. Hindlimb Ischemia. C57BL/6J mice underwent unilateral proximal right femoral artery ligation and excision distal to the deep femoral artery as described previously (39) . The nonischemic left limb underwent a sham surgery without arterial ligation. Immediately after surgery and after 48 h, siRNA (1.5 nmol) or PBS was intramuscularly administered to each hindlimb. siRNAs were delivered in a volume of 35 L (5 L in the middle area of the tibialis anterior muscle and 2 injections of 15 L in the middle area of the left and right lobes of the gastrocnemius muscle). Seven days later, both anterior and posterior muscles from ischemic and nonischemic hindlimbs were harvested and processed for immunohistochemical analysis. Once explanted, muscles were divided into 2 parts by a central transversal cut, and sections were prepared starting from the exposed central area versus distal and proximal sides of the muscles. Five nonserial sections of each muscle were analyzed for each animal. Capillaries were stained with anti-CD31 (BD Biosciences) or anti-LYVE-1 antibodies (Abcam) and then with biotin-labeled goat anti-rat secondary antibodies (DAKO). Capillary number was normalized to myocyte number.
Color Laser Doppler Analysis. Color laser doppler analyses were performed 2 and 7 days after femoral artery ligation by using a dedicated Laser Doppler Perfusion Imaging System (Petimed AB) with high resolution in single mode. Hindlimbs were depilated, and mice were placed on a heating plate at 37°C. The distance between the scanner head and tissue surface was 8 cm. An area of 5 ϫ 5 cm was sequentially scanned, and blood flow 1 mm under the surface was measured. Color-coded images were recorded, and analyses were performed by calculating the average perfusion of the right and left distal limb. Dark blue color implied low or absent perfusion, whereas red implied maximal perfusion.
Cellular Internalization of siRNAs.
To analyze cellular internalization of siRNAs, 1,000 cells per well of mLECs (40) were seeded onto an 8-well Chamber slide (Lab-Tek II) and cultured in DMEM media containing 10% FBS for 24 h. Cells were serum-starved overnight and placed in confocal microscope incubator stage (Leica SP5), and 50 g of either Fl-siRNA-Luc or Fl-siRNA-Luc-chol was added to each well. Time-lapse live images of brightfield and FITC channels were acquired simultaneously at 5-min intervals for 50 min.
TLR3 Phosphorylation Assay. Primary HdLECs (Lonza) were cultured in EGM-2MV (Lonza) containing 5% FBS until 80 -90% confluence, and they were serum-starved with basal media (MCDB131) overnight before stimulation with siRNA-Luc (10 g/mL). mLECs were cultured in 10% FBS DMEM (Gibco) media, serum-starved with serum-free DMEM media overnight, and stimulated as above. At the indicated time points, cells were washed with ice-cold TBS containing 1 mM sodium orthovanadate and 5 mM sodium fluoride and were scraped in 100 L of Nonidet P-40 lysis buffer (50 mM Tris, 150 mM NaCl, and 1% Nonidet P-40) supplemented with additional protease inhibitors (Roche). Equal quantities of total protein were separated by SDS/PAGE, followed by Western blotting with anti-phospho-TLR3 antibody (pY759; Imgenex). GAPDH served as control for equal loading.
TLR3 Immunofluorescence on Cornea and Muscle Lymphatic and Blood Vessels.
Mouse eyes treated with corneal suture placement for 10 -14 days and uninjured hindlimb muscle (n ϭ 3) were harvested, embedded in OCT, and snapfrozen in liquid nitrogen. Sections (10 m) were fixed in ice-cold acetone for 10 min at 4°C, washed in PBS, and blocked with PBS-5% normal goat serum-5% normal donkey serum for 1 h at RT. Slides were incubated with rabbit anti-mouse TLR3 (1:50; Imgenex) overnight at 4°C, followed by washes and detection with goat anti-rabbit IgG conjugated to Alexa Fluor 594 (1:200; Molecular Probes). For labeling of lymphatic and blood endothelial cells, sections were incubated with either goat anti-mouse LYVE-1 (2 g/mL; R&D Systems) or rat anti-mouse CD31 (1:50; clone MEC13.3; BD Biosciences) for 1 h at RT, followed by detection with donkey anti-goat IgG or goat anti-rat IgG conjugated to Alexa Fluor 488 (1:200; Molecular Probes). Slides were treated with DAPI for nuclear counterstain, coverslipped in Vectashield (Vector Laboratories), and visualized by confocal microscopy (Leica SP-5).
FACS Analysis of TLR3 on HdLECs. Briefly, HdLECs were cultivated in EGM-2MV (omitting gentamicin, hydrocortisone; Lonza) with 10% FBS (Gibco) at 37°C and 5% CO 2. Cells (10 6 ) were harvested at 70 -80% confluency with 0.04% EDTA, followed by blocking in PBS-10% mouse serum containing 0.1 mg/mL normal human IgG and 0.1% NaN3. For surface TLR3 staining, cells were incubated with phycoerythrin-conjugated anti-human TLR3 (10 g/mL; clone TLR3.7; eBioscience) for 1 h at 4°C. For intracellular TLR3 staining, cells were fixed and permeabilized with Leucoperm (Serotec) according to the manufacturer's instructions. Cells then were stained with conjugated primary antibody for TLR3 (eBioscience) in the presence of 10% mouse serum for 30 min at RT. Surface and intracellular controls were stained with phycoerythrin-conjugated mouse IgG1 isotype (BD Biosciences) at the same concentrations. Samples were resuspended in 1% PFA and analyzed on an LSRII flow cytometer (Becton Dickinson) with Flowjo (Treestar), with a minimum of 20,000 events. Kolmogorov-Smirnov statistics were used to compare differences between groups.
FACS Analysis of TLR3 on mLECs. mLECs were cultivated in DMEM with 10% FBS at 37°C and 5% CO2. Cells (10 6 ) were harvested at 70 -80% confluency with 0.04% EDTA and were resuspended in 100 L of PBS with 0.1% BSA and 0.01% NaN3. For surface TLR3 staining, cells were pretreated with Fc Block (10 g/mL; BD Biosciences) for 15 min on ice and then incubated with anti-mouse TLR3 (2.5 g/mL; clone 313129; R&D Systems) for 1 h. For intracellular TLR3 staining, cells were fixed and permeabilized with Leucoperm (Serotec) according to the manufacturer's instructions. Cells then were stained with primary antibody in the presence of 10% normal goat serum for 1 h at RT. Surface and intracellular controls were stained with rat IgG2a isotype (R&D Systems) at the same concentrations. All samples were washed 2 times in PBS and then stained with Alexa Fluor 488 goat anti-rat IgG (1:200; Invitrogen) for 1 h [on ice for surface samples and room temperature (RT) for intracellular samples]. After washing in PBS 3 times, cells were resuspended in 1% PFA and analyzed on an LSRII flow cytometer (Becton Dickinson) with Flowjo (Treestar), with a minimum of 20,000 events. Kolmogorov-Smirnov statistics were used to compare differences between groups.
In Vitro HdLEC Apoptosis Assay. HdLECs were cultivated in EGM-2MV with 5% FBS until 70% confluence, followed by sensitization with IFN-␣/␤ (1,000 U/mL each) for 24 h. Cells were treated either with PBS, 21nt-siRNA-Luc (10 g/mL), or a molar equivalent of 7-nt siRNA-Luc (3.33 g/mL) in EGM-2MV (Lonza) with 2% FBS (Gibco). After 24 h, cells were harvested with 0.05% trypsin-EDTA (Gibco), washed in PBS, and resuspended in annexin-V staining buffer (BD Biosciences) at 10 6 cells per milliliter. Aliquots of 100 L then were incubated with 5 L of FITC-conjugated annexin-V (BD Biosciences) and 5 L of propidium iodide (PI; BD Biosciences) for 15 min at 25°C. Cells were immediately analyzed, and annexin V ϩ /PI Ϫ cells were calculated by using Cellquest Pro (BD Biosciences).
Measurement of Cytokines.
Lysates from sutured mouse corneas treated with either PBS or 21nt-siRNA-Luc (300 pmol) were used to quantify CXCL10 and IL-12 protein levels by fluorescent bead assay technology (Beadlyte; Millipore) per the manufacturer's instructions. Values were normalized to total protein concentrations (Bradford Assay; Bio-Rad).
Statistics.
Results are expressed as mean Ϯ SEM, with P Ͻ 0.05 considered statistically significant. Kolmogorov-Smirnov statistics were used to compare differences between groups in flow cytometry assays. Differences between groups in other experiments were compared by using Mann-Whitney U test, and 2-tailed P values are reported.
